Internal-wave induced and double-diffusive nutrient fluxes to the nutrient-consuming surface layer in the oligotrophic subtropical North Atlantic by Dietze, Heiner et al.
Heiner Dietze  Andreas Oschlies  Paul Ka¨hler
Internal-wave-induced and double-diffusive nutrient fluxes
to the nutrient-consuming surface layer in the oligotrophic
subtropical North Atlantic
Received: 20 December 2002 /Accepted: 13 June 2003
 Springer-Verlag 2004
Abstract In the literature, an inconsistency exists
between estimates of biotically-eﬀected carbon export
inferred from large-scale geochemical studies (Jenkins
1982; 47 gC m2 a1) and local measurements of tur-
bulent nutrient supply (Lewis et al. 1986; 4 gC m2 a1)
in the eastern subtropical North Atlantic. Nutrient
supply to the upper ocean by turbulent mixing is reex-
amined using local standard oceanographic measure-
ments and high-resolution vertical proﬁles of nutrients
averaged over a large region directly comparable to that
investigated by Jenkins (1982).
Turbulent ﬂuxes induced by internal waves and salt
ﬁngering, respectively, are separated according to Gregg
(1989) andZhang et al. (1998).Nutrient transport into the
nutrient-consuming surface layer by salt ﬁngering is more
than ﬁvefold higher than transport due to internal-wave
induced turbulence. Still, this cannot resolve the above-
mentioned apparent inconsistency, even if additional
physical transport mechanisms such as eddy pumping,
advection and horizontal diﬀusion are accounted for.
Estimated nitrate ﬂuxes due to vertical turbulent diﬀusion
are 0.05–0.15 mol m2 a1, corresponding to 4–11 gC
m2 a1. ObservedNO3/PO4 turbulent ﬂux ratios of up to
23 are interpreted as the imprint of N2 ﬁxation.
Keywords Nutrient transport  Salt ﬁngering 
Double-diﬀusive ﬂuxes
1 Introduction
A method to estimate the export of organic matter from
the surface ocean is to vertically integrate oxygen con-
sumption rates in subsurface waters. Jenkins (1982)
applied this in the so-calledBetaTriangle (named after the
beta-spiral method applied to hydrographic section data
(Stommel and Schott 1977) in the subtropical North
Atlantic (Fig. 1). It yielded an average export corre-
sponding to 0.63 mol Nm2 a1 (using a O2 : N ¼ 9:1
ratio following Minster and Boulahdid 1987).
Lewis et al. (1986) quantiﬁed new production, which
in steady state should equal export production (Eppley
and Peterson 1979), from 15NO3 incubations and esti-
mates of the diﬀusive nitrate supply at a site nearby
(Fig. 1). When taken as representative of a whole year,
their new production estimate amounts to only 10% of
the export estimate of Jenkins (1982).
Several reasons for this apparent discrepancy can be
considered, among them: (1) diﬀerent scales of time and
space in the two respective studies, (2) nitrogen sources
other than nitrate (N2 ﬁxation, dissolved organic nitro-
gen, atmospheric deposition), (3) export of organic
matter high in C (dissolved organic carbon, hereafter
named DOC), (4) vertically migrating organisms inﬂu-
encing the nutrient and oxygen distributions and
(5) lateral entrainment of low-oxygen water feigning
local oxygen consumption. However, also the physical
transport mechanisms of nitrate supply to the surface are
arguable. As Hamilton et al. (1989) suggested, the Lewis
et al. (1986) estimate may be too low by up to a factor of
6 due to the neglect of salt ﬁngering. By reducing the
potential energy of an unstable salinity proﬁle, salt ﬁn-
gering can, besides internal waves excited by wind and
tides, generate turbulent vertical mixing.
The region and depth of interest (Central Water, py-
cnocline of the subtropical gyre) was described as having a
strong double-diﬀusive potential already by Ingham
(1966). The problem ever since has been the quantiﬁcation
of double-diﬀusive ﬂuxes. Attempts based on laboratory
experiments (Turner 1965, 1967), suﬀered from limited
portability to open-ocean conditions where the growth of
salt ﬁngers is suppressed by inertial shear (Kunze 1987)
and internal-wave-induced turbulence (Marmorino
1990), which are diﬃcult to simulate in the laboratory.
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A relatively new approach is the quantiﬁcation of
salt-ﬁnger ﬂuxes based on microstructure measurements.
As Hamilton et al. (1989) noted, there is an uncertainty
in diﬀusivities inferred from microstructure of almost 1
order of magnitude depending on whether the source of
observed turbulence was salt-ﬁngering or internal waves.
Laurent and Schmitt (1999) developed a model which
can distinguish between the signatures of internal-wave-
induced turbulence and salt ﬁngering. Their application
of the model to the NATRE (North Atlantic Release
Experiment) microstructure data was consistent with
diﬀusivities inferred from the spreading rates of a
released tracer (Ledwell et al. 1998). Laurent and Sch-
mitt (1999) also computed dianeutral velocities based on
proﬁles of density and microstructure-inferred diﬀusivi-
ties for salt and heat. The result was in good agreement
with the observed downward movement of the tracer’s
centre of mass relative to the isopycnal surface at which
the tracer had been injected. This gives conﬁdence to
their estimate of double-diﬀusive ﬂuxes because the
dianeutral velocity is a function of the salt-to-density
ﬂux ratio (McDougall 1987).
In our study, internal-wave- and salt-ﬁnger-induced
diﬀusivities are scaled using standard oceanographic
measurements (CTD, VM-ADCP) taken in the Beta
Triangle region. In order to assess the quality of the
parameterizations used, the results are compared with
estimates of Laurent and Schmitt (1999) at the NATRE
site which is overlapping the Beta Triangle (Fig. 1). Net
nutrient supply into the surface layer is quantiﬁed by
combining diﬀusivities with high-resolution vertical
nutrient proﬁles and accounting for Ekman pumping,
dianeutral velocities as well as horizontal nutrient ﬂuxes
as recommended by McDougall and Ruddick (1992).
Using Redﬁeld stoichiometry and assuming steady state,
upward nutrient ﬂuxes are converted into export of
organic material. This allows a direct comparison with
the earlier estimate by Jenkins (1982) based on oxygen
utilization rates at depth.
This study examines the potential of salt-ﬁngering
(double diﬀusion) to close the apparent dicrepancy
between biotically generated carbon export from, and
nitrate supply to, the surface layer of the study area.
2 Data
Data were obtained during an FS Poseidon Cruise
(March 10–22, 2002) along 30W (18N–31.5N)
(Fig. 1).
Horizontal velocities in the upper ocean were con-
tinuously measured with a 150-kHz narrow-band
acoustic Doppler current proﬁler (VM-ADCP, RD
Instruments) mounted into the ship’s hull. The device
yielded ensemble-averaged velocity proﬁles in 8-m depth
bins every 3 min. One ensemble consisted of 150 proﬁles.
Low concentration of scattering particles within the
extremely oligotrophic environment restricted the quan-
titatively reliable range to about 250 m.
CTD casts were taken at a spatial resolution of about
27 nautical miles down to a depth of 2000 m. The
MARK III conductivity–temperature–depth instrument
was ﬁtted with a ﬂuorometer, measuring the ﬂuoros-
cense of chlorophyll-a, and a Rosette sampler system.
Nutrient concentrations were measured by standard
procedures (Grasshoﬀ et al. 1983). Obtained accuracy
was  0:1 mmol m3 and  0:02 mmol m3 for nitrate
and phosphate, respectively. In this study ‘‘nitrate’’
refers to the sum of nitrate and nitrite. A few mea-
surements of ammonium showed negligible concentra-
tions and are not included in our nutrient budget.
Reference measurements of salinity with a laboratory
salinometer (Autosal) during the cruise showed CTD
salt measurements to be accurate within  0:003 PSU.
Pre- and postcruise calibration of the temperature
probe proposed an absolute accuracy of  0:005 K for
temperature measurements. Resolution, relevant for
computing gradients, was assessed as proposed by the
manufacturer with  0:0005 K and  0:001 PSU for
temperature and salinity, respectively. Assuming that
temperature and salinity errors are uncorrelated, error
propagation yields a signal-to-noise ratio of at least 10
for the fourth moment of stability frequency, N4, in
the stratiﬁed thermocline.
The VM-ADCP data were calibrated using the
CODAS 3 software package of Firing (2001). Sound
speed in the vicinity of the pinger was calculated with
spatially interpolated CTD data. Absolute velocity
errors of a single ensemble are of O(5 cm s1), mainly
due to the inaccuracy of satellite navigation and ran-
domly distributed around a mean, real value. Relative
velocity errors rv as relevant to the estimation of vertical
shear are calculated as proposed by the manufacturer:
rv ¼ 1:6 105= FD
ﬃﬃﬃﬃ
N
p 
; ð1Þ
Fig. 1 Locations of this and related studies. Circles denote positions
of CTD-Rosette casts. Arrows sketch the pathways of Azores Current
(AC), Canary Current (CC) and North Equatorial Current (NEC)
according to a compilation of near-surface drifters by Bru¨gge (1995)
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with pinger’s frequency F ¼ 150 kHz, depth bin D=
8 m and number of measurements N ¼ 150 within a
3-min ensemble. This yields rv ¼ 1 cm s1.
3 Inferring diffusivities
3.1 Methods
3.1.1 Internal-wave-induced diﬀusivities
The dissipation rate of turbulent kinetic energy iw fed
by the loss of energy of the internal wave ﬁeld was scaled
according to Gregg (1989) as a function of the local
buoyancy frequency N and variance of shear S210 con-
tributed by vertical wavelengths greater than 10 m.
Combination with the relationship of Osborn (1980),
who proposed the upper bound of diapycnal diﬀusivity
of density Kiw to be a function of N and iw only, yields:
KiwðzÞ  K0 S
4
10
N 4
 
; ð2Þ
(form adopted from D’Asaro and Morison 1992), where
angular brackets denote average over space or time
and K0 ¼ 5 106 m2s1 , is a constant identical to the
formulation of Gregg (1989).
The local buoyancy frequency was calculated according
to:
N ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
g
q
@q
@z
s
; ð3Þ
where the density gradient was estimated from CTD
data using least-squares linear regressions over 8-m
depth bins.
The fourth moment of vertical shear variance was
calculated from the vessel-mounted ADCP data as
S410
  ¼ C Du
Dz
 	2
þ Dv
Dz
 	2
" #( )2* +
; ð4Þ
where C ¼ 2:54 is a correction factor adopted from
Wijesekera et al. (1993). This correction accounts for
both ﬁnite diﬀerencing at Dz ¼ 8 m and for the ADCP
trapezoidal ﬁlter applied to the velocity estimates prior
to ﬁnite diﬀerencing. Trapezoidal ﬁltering is a conse-
quence of the acoustic measurement principle as ﬁnite
acoustic pulse lengths and return gate widths are
required to calculate Doppler shifts.
Angle brackets in Eq. (4) indicate an ensemble aver-
age over 200 proﬁles corresponding to 10 h in time and
approximately 50 nautical miles in space. Ensemble
means of 200 proﬁles were chosen as a trade oﬀ between
a short averaging period and matching the precondition
hS410i ¼ 2hS210i2 ; ð5Þ
which is recommended for the application of the scaling
(Gregg 1989).
ADCP shear estimates are biased as a consequence of
the measurement principle (Polzin et al. 2002). Relevant
for VM-ADCP measurements are range-averaging and
ﬁnite diﬀerencing which are taken into account by the
factor C in Eq. (4), vertical averaging of horizontally
non-uniform currents due to the eﬀect of beam separa-
tion with increasing depth, eﬀect of instrument noise rv
and tilting or instrument inclination which is thought to
be a minor eﬀect considering the relatively calm condi-
tions during the cruise. Alford and Pinkel (2000) pro-
pose that an overly pessimistic estimate of the upper
bound of the eﬀect of beam separation is an underesti-
mation of S210 by 60% at most. Due to uncertainties of
this estimate, data in this study are not corrected for the
latter eﬀect. Noise biases S210 high by 2r
2
v= Dzð Þ2. This is
accounted for by substracting this bias from estimates
of hS410i. The scaling itself (Eq. 2) is uncertain within a
factor of 2 (Gregg 1989).
3.1.2 Salt-ﬁngering-induced diﬀusivities
‘‘It is generally agreed that the diﬀusivity of salt due to
salt ﬁngers equals the diﬀusivity of mineral nutrients
because of similar molecular characteristics of mineral
nutrients and other major ions which constitute the salt
content of seawater’’ (Hamilton et al. 1989). Following
Schmitt (1981), the diﬀusivity of salt and nutrients due
to salt ﬁngering, Ks, was parameterized as a function of
the local density ratio Rq ¼ aTz=bSz as:
Ks ¼ K
?
1þ Rq=Rc

 n : ð6Þ
The critical density ratio Rc ¼ 1:6, the maximum dia-
pycnal diﬀusivity due to salt ﬁngers K? ¼ 1:0 cm2s1
and the index n ¼ 6 were all adopted from Zhang et al.
(1998), who modiﬁed original values in order to be
consistent with results from the C-SALT program.
The density ratio Rq zð Þ was calculated from CTD-
data using least-squares linear regressions over 15 m
depth bins to estimate salt and temperature gradients.
Uncertainties of the scaling are not quite clear, but as
herein derived estimates of Ks coincide reasonably with
micro structure measurements of Laurent and Schmitt
(1999) in the same region (Fig. 3a), we conclude that the
scaling is suitable.
3.2 Obtained diﬀusivities
Within the pycnocline, the upper boundary of which is
taken as the mixed-layer depth (Fig. 2), the internal-
wave-induced diﬀusivity Kiw varies between 5 107 m2
s1 and 5 105 m2 s1 without apparent vertical or
horizontal structure (Fig. 3b). The meridional mean
internal-wave-induced diﬀusivity reproduces the often-
observed ‘‘pelagic’’ value of 1 105m2s1 (e.g. Ledwell
et al. 1998). Our measurements are well above noise
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level, and signiﬁcant regional diﬀerences in the derived
diﬀusivities should thus be resolved. The meridional
dependence of internal-wave-induced diﬀusivity as sug-
gested by Hibiya et al. (1999) or Gregg (1989) is there-
fore negligible in the latitude range under investigation.
Turbulent diﬀusion due to salt-ﬁngering varies
between 0 m2 s1 and 7 105 m2 s1 within the py-
cnocline (Fig. 3c). Its meridional mean at the upper
bound of the pycnocline reaches values up to 7:5 105
m2 s1, which is more than sevenfold higher than the
average internal-wave-induced diﬀusivity in the same
depth (Fig. 3a).
Adding up internal-wave- and salt-ﬁnger-induced
diﬀusivities (Fig. 3a) results in a total vertical turbulent
diﬀusivity which agrees within error bounds (at least
within the pycnocline) with the estimates of Laurent and
Schmitt (1999) based on microstructure measurements
at the NATRE site.
4 Nutrient fluxes
New production is that share of production which is
fuelled by the supply of nutrients from outside the
euphotic zone. Hence, when addressing diﬀusive nitrate
supply as the basis of new production, i.e. supply into
the euphotic zone, the lower boundary of the euphotic
zone needs to be known. Strictly, this is the compensa-
tion depth of photosynthesis, which is seldom deter-
mined (and may be non-determinable considering the
diﬃculties in distinguishing between gross and net pro-
duction). In this study we use the depth of maximum
upward nitrate transport as the reference depth, which is
20 m below the deep chlorophyll maximum and roughly
coincides with the 0.1% light level (Fig. 4b).
According to the monthly climatologies of Levitus
et al. (1994) and Levitus and Boyer (1994), this depth
level is always beneath the surface mixed layer, within
the well-stratiﬁed pycnocline, so that nutrient entrain-
ment due to destabilizing surface ﬂuxes need not be
considered.
The layer above the maximum upward nitrate
transport is termed the nutrient-consuming surface layer
rather than the euphotic zone. The relevance of the
reference depth used here is that upward diﬀusive nitrate
transport through this depth level causes a ﬂux conver-
gence in the upper part of the water column which, in
steady state, must be balanced by consumption and
subsequent export of nitrogen contained in organic
matter. Note that in this concept there is no distinction
between nitrate-removing processes in the surface layer
as regards their dependence on light, i.e. dark uptake by
vertically migrating algae and heterotrophic nitrate
uptake by DOC consumers are included as well as
uptake by photosynthetic algae.
Nutrient ﬂuxes F were calculated according to:
F ¼ KS þ Kiwð Þ @nut
@z
; ð7Þ
where nut denotes respective nutrient concentrations.
Mean ﬂuxes into the nutrient-consuming layer are
0:1 0:05 mol m2 a1 and 4:3 2 mmol m2 a1 for
nitrate and phosphate, respectively (Fig. 4). Error
Fig. 2 Meridional section of salinity (ﬁlled contours) and r0 (labeled
contours) along 30W. Dashed line marks the surface mixed-layer
depth, here deﬁned as the depth where temperature is 0.1 K less than
SST. South of 24N (indicated by vertical dash-dotted line) water mass
analysis based on temperature, salinity and silicate distribution on
r0 ¼ 26:62 (corresponding to approximately 270 m depth) showed a
sudden increase of South Atlantic Central Water. All budget
calculations in this paper refer to the region north of 24N
Fig. 3a–c Vertical diﬀusivities along 30W. Units are cm2 s1.
a Meridional mean of data north of 24N. Black line is mean of
internal-wave induced diﬀusivity, red line is diﬀusivity due to salt-
ﬁngering and blue line is the sum of both. Blue error bars represent
95% conﬁdence intervals calculated from meridional variance. Black
x-marks and grey error bars are estimates of Laurent and Schmitt
(1999). b Contour plot of internal-wave- induced diﬀusivity. Dashed
line is mixed-layer depth, dash-dotted line is at 24N. c Contour plot of
turbulent diﬀusivity due to salt ﬁngering
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bounds are 95% conﬁdence intervals calculated from
meridional variance. The NO3:PO4 ﬂux ratio reaches
values up to 23, which is signiﬁcantly higher than the
Redﬁeld N:P ratio of 16 (Fig. 5).
Below the depth of maximum upward nitrate ﬂux the
N:P ﬂux ratio decreases to the Redﬁeld ratio within a
short distance. This indicates excess nitrate remineral-
ization in the depth range between 140 and 180 m. This
layer is provided with N:P in the Redﬁeld ratio from
below but looses these nutrients in a much higher N:P
ratio to the nutrient-consuming surface layer by diﬀusive
ﬂuxes which are higher in N (Fig. 5). (Note that this
result does not depend on the quality of estimates of
diﬀusivities, as the ﬂux ratio is solely a function of
respective nutrient gradients.) Particulate organic matter
in the surface had a similarly elevated N:P ratio (Ka¨hler
et al. (unpublished manuscript)).
5 Discussion
A crucial question is, to what extent the obtained dif-
fusive ﬂuxes can be regarded as total nutrient ﬂuxes into
the nutrient-consuming surface layer. Additional physi-
cal transport mechanisms other than turbulent vertical
diﬀusion are horizontal and vertical advection, hori-
zontal diﬀusion and eddy pumping. Results from an
eddy-resolving coupled ecosystem-circulation model
propose that eddy pumping contributes a nitrate ﬂux of
less than 50 mmol m2 a1 to the surface layer in the
region under investigation (Oschlies 2002a).
Divergences of horizontal ﬂuxes as well as of vertical
advection of NO3 were calculated for a box meridionally
bounded by 24N and 32N and zonally bounded by
34.5W and 25.5W. Table 1 lists the respective contri-
butions to the budget, which were obtained as follows.
Meridional and zonal divergence of diﬀusive
ﬂuxes were calculated by combining nitrate gradients,
derived from the annual Conkright et al. (1994) clima-
tology on scales of 400 km, with a horizontal diﬀusivity
of 1000 m2 s1 (e.g. Bauer and Siedler 1988).
Meridional and zonal divergences of advective ﬂuxes
were calculated by combining the meridional mean of
measured VM-ADCP velocities (6.5 cm s1 southward,
Fig. 4a–d Diﬀusive NO3 and PO4 ﬂuxes. Units are mmol m
2a1.
Positive values describe upward ﬂuxes. a Diﬀusive NO3 ﬂuxes along
30W. Dashed line is the surface mixed-layer depth, black line is 0.5
mmol NO3 m
3 isoline. South of 24N (vertical dash-dotted line)
South Atlantic Central Water content increases rapidly. bMeridional
mean of diﬀusive NO3 ﬂuxes north of 24
N. Red line are ﬂuxes due to
internal-wave- induced diﬀusivity, black line is the sum of internal-
wave- and salt-ﬁnger-induced NO3 ﬂuxes. Error bars indicate 95%
conﬁdence intervals calculated from meridional variance. Grey line is
0.1% light level, green line is ﬂuorosence of chlorophyll-a in arbitrary
units. c Diﬀusive PO4 ﬂuxes along 30
W. Black line is 0.03 mmol
PO4 m
3. d Meridional mean of diﬀusive PO4 ﬂuxes north of 24N
Fig. 5 Meridional mean of diﬀusive NO3 and PO4 ﬂux ratios north of
24N. Error bars are 95% conﬁdence intervals calculated from
meridional variance, vertical black line indicates the Redﬁeld ratio
Table 1 Budget of NO3 ﬂuxes within 24
N–32N, 34.5W–25.5W
and the upper 160 m. Negative numbers deﬁne loss of the nutrient-
consuming surface layer
Mechanism mmol NO3
m2 a1
Double-diﬀusive vertical ﬂux 85 44
Internal-wave induced vertical ﬂux 15 7
Zonal convergence of lateral advective ﬂux 4
Meridional convergence of lateral advective ﬂux 38
Zonal divergence of lateral diﬀusive ﬂux )5
Meridional convergence of lateral diﬀusive ﬂux 28
Vertical divergence of vertical advective ﬂux 73
Uncertainty due to inconsistent volume budget < 26
Eddy pumping Oschlies (2002a) < 50
NAO-induced interannual variations
Oschlies (2001)
< 50
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1.6 cm s1 westward) with nitrate concentrations from
the annual Conkright et al. (1994) climatology.
Following McDougall and Ruddick (1992), the ver-
tical velocity w was split into a component parallel to
neutral surfaces (which locally follow isopycnals) and a
dianeutral one. For the region under investigation,
typical Ekman pumping velocities parallel to neutral
surfaces are around 31 m a1. (McClain and Firestone
1993). This downward volume ﬂux must be balanced by
horizontally convergent velocities. As the velocities used
to obtain estimates of horizontally convergent nitrate
ﬂuxes were assumed to be constant within the box used
for this budget calculation, this is inconsistent. Assum-
ing Ekman pumping to be balanced by an extra inﬂow of
0.55 cm s1 from the north only is connected with the
largest error (26 mmol m2 a1) because nitrate con-
centrations along 32N are highest relative to the other
sides bounding the box.
Dianeutral velocities can be calculated considering a
steady-state, quasi-one-dimensional ocean in terms of
conservation equations for potential temperature and
salinity within a neutral surface framework (McDou-
gall 1991). This concept assumes no density-ﬂux
divergences along neutral surfaces (so these velocities
need not be balanced by horizontally convergent
velocities) and a density ﬁeld constant in time. Hence,
convergences of the vertical diﬀusive density ﬂux must
be balanced by the divergent dianeutral advection of
density.
In practice, it is no easy task to estimate dianeutral
velocities because second derivatives of vertical proﬁles
of salt, potential temperature as well as internal-wave-
and salt-ﬁnger-induced diﬀusivities must be calculated.
Here we use the estimate of Laurent and Schmitt (1999)
for the NATRE site, who, based on micro structure data
from 100 stations, propose a downward dianeutral
velocity of 2:96 6:96 m a1 for the depth range
190 50 m. The contribution of vertical advection to
the budget (Table 1) was calculated by combining
Ekman pumping velocity and dianeutral advection with
annual Conkright et al. (1994) nitrate concentrations at
the lower boundary of the nutrient-consuming surface
layer of the box under consideration.
Summing up, the combined eﬀects of horizontal
ﬂuxes and vertical advection yield a loss of 8 26 mmol
NO3 m
2 a1 (Table 1). The error is associated, as
explained above, with inconsistencies connected with the
volume budget. This result coincides with model results
of Oschlies (2002b), which suggest that the net eﬀect of
advection and horizontal diﬀusion, as well as their
interannual variability induced by the North Atlantic
Oscillation (NAO), (Oschlies 2001) is close to zero in
the region under investigation.
6 Conclusion
Returning to the apparent discrepancy between nutrient
supply and estimated organic-matter export derived
from oxygen consumption, described in the Introduc-
tion, we can state that:
– Turbulent diﬀusion due to internal-waves accounts for
a nitrate supply of 15 7mmol m2 a1.
– Turbulent diﬀusion due to salt-ﬁngering accounts for
an additional supply of 85 44 mmol m2 a1.
– Combined eﬀects of horizontal diﬀusion, eddy pump-
ing, vertical and horizontal advection add up to an
additional supply of less than 50 mmol NO3 m
2 a1.
– This upward revision of total nitrate supply to the
surface layer of 150 mmol m2 a1 corresponding to
an export of 11 gC m2 a1 does not resolve the
nutrient supply-versus-export discrepancy. Even the
upper bound of this estimate (270 mmol NO3 m
2
a1), obtained by summing up all uncertainties is be-
low the lower bound (480 mmol NO3 m
2 a1)) of the
Jenkins (1982) estimate, so the other possibilities of
the reconciliation between nutrient supply and oxygen
consumption remain to be examined.
The marked deviation from the canonical Redﬁeld ratio
of turbulent N:P ﬂuxes to and from the surface layer
points to a near-surface N source, probably N2 ﬁxation,
whichwas shown to produce particulate organicmatter of
elevatedN:P ratios (Karl et al. 1992). This, and the export
of nitrogen-poor dissolved organic matter were shown
to ﬁnally resolve the discrepancy by Ka¨hler et al.
(unpublished manuscript).
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